Summary: LINKDATAGEN is a perl tool that generates linkage mapping input files for five different linkage mapping tools using data from all 11 HAPMAP Phase III populations. It provides rudimentary error checks and is easily amended for personal linkage mapping preferences.
INTRODUCTION
The development of high-density, high-throughput genotyping has been pushed forward at a rapid pace to facilitate genome-wide association studies. Affymetrix single nucleotide polymorphism (SNP) genotyping microarray platforms have consequently gone through a rapid evolution starting with an initial 10 K SNP chip with the current 6.0 chip containing ∼1 000 000 SNPs as well as ∼1 000 000 copy number variation (CNV) probes.
Linkage studies have also derived benefit from the dense genotyping data with increased mapping power (Evans and Cardon, 2004) . A single SNP marker is not very informative for linkage only being able to attain a maximum heterozygosity of 0.5 in comparison to a typical microsatellite marker with a heterozygosity of 0.7-0.8. However it is the sheer number of these SNP markers, when incorporated in a multi-point linkage study that allows better inference in pedigrees. In addition, recombination breakpoints are more clearly delineated negating the need for fine mapping. Genotyping error rates are also lower and genotyping calls are more consistent over time and between genotyping facilities allowing easier merging of genotyping data.
There are new challenges that have arisen with SNP chip data. Whilst association studies rely on linkage disequilibrium (LD), linkage analyses using the Markov assumption in probability calculations assume that linkage equilibrium (LE) holds. In standard exact multi-point linkage calculations through the Lander-Green algorithm, this LE assumption is used in the calculation of the founder genotyping probabilities and in the first order Markov model that underpins the algorithm. Violations to this assumption have been shown to lead to inflated LOD scores, erroneous linkage results (Abecasis and Wigginton, 2005) and incorrectly inferred haplotypes (Schaid et al., 2002) . Thus, it is important when contemplating the use of SNP chip data to select sufficiently distant markers to avoid * To whom correspondence should be addressed.
LD and to use a set of markers that are informative in the population (high-heterozygosity SNPs) and also informative in the family.
IMPLEMENTATION
We have implemented a perl script called LINKDATAGEN that is capable of generating input files for a variety of common analysis software tools [PREST (McPeek and Sun, 2000) , MERLIN (Abecasis et al., 2002; Abecasis and Wigginton, 2005) , MORGAN (Thompson, 1995 (Thompson, , 2000 and PLINK (Purcell et al., 2007) ]. In addition, LINKDATAGEN has several error checks, removes all Mendelian errors and generates some simple identity by state (IBS) sharing statistics. SNPs are selected to satisfy LE conditions. This is performed using simple selection of informative SNPs in bins, preserving minimum genetic map distances. Only MERLIN and PLINK have some ability to handle high-density SNP data in LD using methods such as clustering of markers or marker selection based on LD measures such as r 2 . The suitability of these methods depends on the availability of either HAPMAP data or other large datasets to allow estimation of LD patterns.
LINKDATAGEN uses HAPMAP Phase III data (The International HapMap consortium, 2003) that allows the user to choose between any of 11 populations rather than the original four from HAPMAP Phase I and II (Frazer et al., 2007; Thorisson, et al., 2005; 2003) . Thus, it has an advantage over IGG (Li et al., 2007) , ALOHOMORA (Ruschendorf and Nurnberg, 2005) and SNPLINK (Webb et al., 2005) which are similar tools. LINKDATAGEN also covers a broader scope of linkage analysis programs than previous tools.
Preliminary quality control tests implemented in LINKDATAGEN include a simple sex test based on the available samples comparing observed heterozygotes versus expected heterozygotes on the X chromosome by utilizing the normal approximation to the test of proportions. Mendelian errors are identified based on the provided pedigree information. All errors are removed prior to the generation of the final files by simply removing the entire SNP. Since error rates are usually very low, this is a procedure with low loss of data. This is an important step since many analysis programs assume Mendelian error free data (e.g. MORGAN). LINKDATAGEN produces a summary of Mendelian errors over genotyped individuals also indicating what error check was used (parental checks and/or X chromosome checks). This helps to highlight individuals who are likely to be incorrectly assigned in the pedigree (pedigree errors) or whose samples are poorer than others. LINKDATAGEN generates data for one pedigree at a time. The basic requirements are a genotype call file, a pedigree file, the appropriate annotation file for the chip and a one-line file that connects the genotype call file columns to the pedigree file IDs.
The genotype call file contains all individuals from the pedigree whose genotypes are available. This file can be generated by either R/Oligo (Carvalho et al., 2007) or aptprobset-genotype (http://www.affymetrix.com/partners_programs/ programs/developer/tools/powertools.affx), which incorporates the genotype callling algorithms BRLMM (50 K and 250 K chips), BRLMM-P (5.0) and BIRDSEED (6.0). Note that R/Oligo imposes no threshold on genotype quality scores so that Mendelian error detection becomes very important. The genotype call file can include other individuals apart from the individuals required for the pedigree but it must contain all those individuals in the pedigree. Multiple genotype call files are not acceptable and all individuals must be from the same chip. Affymetrix chips, due to their reliance upon particular restriction enzymes, have very little overlap in their SNP sets between the 50K and 250K datasets.
We provide annotation files, which are based on the annotation files distributed by Affymetrix. These contain allele frequency information derived from all 11 available HAPMAP phase III populations, the physical and genetic map information provided by Affymetrix and SNP names, both in Affymetrix and rs format. These will be periodically updated based on updates provided by Affymetrix.
A standard application for LINKDATAGEN in a linkage analysis would consist of generating MERLIN, ALLEGRO or MORGAN output files with the default binsize. Once a linkage analysis has been performed, it is useful to generate a full dataset file by using the -cp, for 'complete', option in conjunction with setting the bin size to 0 (-binsize 0) to allow the incorporation of all marker data. By examining the linkage region(s) defined by the multi-point linkage analysis, it is possible to further refine the interval of interest using all of the markers rather than just the linkage subset. This works well in practice, in particular, for homozygosity mapping. Three simple IBS sharing statistics generated as part of the -cp commands are useful for this purpose. These have been generated based on the most powerful IBD (identity by descent) sharing statistics (McPeek, 1999) for homozygosity mapping, recessive diseases and dominant diseases. Using a combination of the two approaches takes full advantage of the initial powerful multi-point linkage mapping, which incorporates map distance, and allele frequencies, as well as an IBS approach that uses all the marker data to help refine the region. Other approaches use direct IBS or HBS (homozygosity by state) sharing methods (Leibon et al., 2008; Miyazawa et al., 2007; Purcell et al., 2007) , ignoring the precise pedigree structure.
LINKDATAGEN can upload 50KHind, 50KXba, 250KSty, 250Nsp, 5.0 and 6.0 Affymetrix arrays and has been used successfully in several linkage studies with a variety of these arrays (Amor et al., 2007; Hildebrand et al., 2006 Hildebrand et al., , 2007a Shearer et al., 2009; Storey et al., 2008) . LINKDATAGEN is written in perl and does not require any additional perl packages, so it is very portable and runs without compilation on any machine that has a basic perl installation. We have presented a very flexible, command line script. It is well compartmentalized and easy for others to modify for programs of their choice. Users require some familiarity with UNIX commands to run the script. Modifications to the script require basic programming skills. We encourage questions and requests to further extend and refine LINKDATAGEN. 
